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S'ICNTHESIS OF FORMALDEHYDE 
In t roduc t ion  
This  r e p o r t  summarizes the  a c t i v i t i e s  of t h e  General  American Research 
Div is ion  dur ing  August through October I 1967 on Cont rac t  NAS2-3889, Synthes is  
cf Formaldehyde. The a c t i v i t i e s  during t h i s  q u a r t e r  were concerned wi th  (1) 
ox ida t ion  of methane t o  formaldehyde by a i r  using a gaseous n i t r i c  oxide 
cataLyst  i n  conjunct ion wi th  var ious so l id ,  hea ted  r e a c t i o n  beds i n  a s i n g l e  
pass r e a c t o r  (2)  pre l iminary  t e s t i n g  of a r ecyc le  system us ing  n i t r i c  oxide 
c a t a l y s t ,  and (3) ox ida t ion  o f  methane t o  fprmaldehyde wi th  ozonized a i r  or 
oxygen in the  hea ted  potassium t e t r a b o r a t e  r e a c t i o n  bed. 
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React ion beds f i l l e d  wi th  s i l ica-alumina,  qlumina, porcelain,  and 
s i l i c o n  carb ide  coated wi th  meta l  s a l t s ,  were t e s t e d  i n  conjunct ion wi th  gas-  
eous NO c a t a l y s t .  None of  t hese  surpassed potassium t e t r a b o r a t e  depos i ted  
on e i t h e r  hard porce la in  or  alumina i n  i t s  a b i l i t y  t o  produce formaldehyde 
while  ho ld ing  t h e  concent ra t ions  of carbon oxides  a t  low l e v e l s .  
Since a recyc le  system w i l l  probably n e c e s s i t a t e  a build-up of carbon 
oxides,  experiments were performed where the  n i t r o g e n  of t h e  a i r  i n  feed  gas  
was rep laced  by carbon d ioxide .  It was e s t a b l i s h e d  t h a t  t he  presence of 
even h igh  concent ra t ions  (55%) of carbon dioxide i n  t h e  system does not  i n -  
h i b i t  t h e  formation o f  formaldehyde. 
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An a n a l y s i s  of  t o t a l  n i t r c g e n  oxides  (NO + NO ) i n  t h e  feed  and i n  2 
t h e  product was made using a co lor imet r ic  method based on Gr iess - I losvay  
r e a c t i o n .  
methane ox ida t ion  i n  s i n g l e  pass r eac to r s .  
It ind ica t ed  t h a t  t h e r e  was no s i g n i f i c a n t  l o s s  of NOx dur ing  the  
A r e c y r l e  system capable  o f  r e c i r c u l a t i n g  gas a t  a r a t e  of  up t o  9 
l/min was b u i l t  and t e s t e d  with gaseous NO c a t a l y s t .  
a t  650 - 6 ~ 8 ° C ~  a t a recyc led  gas  v e l o c i t y  of 5000 cc/min, and wi th  a f eed  
c o n s i s t i n g  of methane-air mixtures  added t o  t h e  system a t  a r a t e  of 180 
cc/min. 
y i e l d  achieved was 17.7%. 
appa ren t ly  because a s teady  composition of t h e  r ecyc l ing  gas  cannot be main- 
t a i n e d  using an air-methane f eed ;  the use of a i r  r e s u l t s  i n  a sha rp  drop i n  
oxygen concen t r a t ions .  
Operat ing t h i s  system 
( i , e  o 9  r ecyc le  r a t i o  o f  approximately 28), t h e  h ighes t  formaldehyde 
The formaldehyde y ie ld ,  however, drops wi th  time 
I n  s p i t e  of  numerous attempts,  h igh  formaldehyde y i e l d s  claimed by 
Guttehoffnungshut te  i n  German pa ten ts  using ozone and BaO could no t  be 
r epea ted .  However, a s  noted i n  the monthly r epor t s ,  a p r o p r i e t a r y  c a t a l y s t  
bed gave up t o  0.9 - lo$ y i e l d  of formaldehyde i n  s i n g l e  pass r e a c t o r s  
us ing  ozonized oxygen. 
2 
A s  a pre l iminary  t o  a r ecyc le  system, experiments were performed t o  
ozonize oxygen-methane mixtures .  When passed through an ozonator,  t he  
presence of'methane i n  h ighe r  concent ra t ions  decreases  the  0 production 
sha rp ly ;  however, mixtures  containing up t o  4% CH4 i n  oxygen produce s u f -  
f i c i e n t  amounts of ozcne t o  be r e c i r c u l a t e d  i n  a r ecyc le  system. 
3 
GENERAL AMERICAN RE5EARCW DIVISION 
Wcrk Ferformed 
1. Oxidat ion of Methane Using N i t r i c  Oxide C a t a l y s t .  
The use of n i t r i c  oxide as a homogeneous gas phase c a t a l y s t  for 
t he  p a r t i a l  ox ida t ion  of methane t o  formaldehyde was i n v e s t i g a t e d  i n  s i n g l e  
pass r e a c t o r s  having a heated r eac t ion  bed packed wi th  va r ious  s o l i d  ma te r i a l s .  
Among t h e  m a t e r i a l s  i nves t iga t ed ,  none surpassed hard po rce l a in  B e r l  saddles  
coated wi th  potassium t e t r a b o r a t e  in  t h e  fc rmat ion  of  formaldehyde; besides ,  
t he  use of n e a r l y  a l l  o ther  ma te r i a l s  r e s u l t e d  i n  much h igher  product ion cf 
ZO and GO2 than  wi th  potassium t e t r a b o r a t e  under the same ope ra t ing  condi t ions .  
Asa lys i s  of t he  n i t r i c  oxides  (NO + NO2) Ln the  in t ake  and i n  the  product 
i n d i c a t e d  t h a t  t h e r e  was no s i g n i f i c a n t  loss of n i t r i c  ox ides  during the  
r e a c t i o n  i n  s i n g l e  pass r e a c t o r s .  Experiments were performed both wi th  methane- 
a i r  and metilaw-oxygen mixtures;  hcwever, t he  methane-oxygen mixtures a r e  much 
more d i f f i c u l t  t o  ope ra t e  with because of t h e  ever  present  danger of i g n i t i o n  
o r  even explos ion  i n s i d e  of the  r eac t ion  tube .  Since r e c y c l i n g  systems w i l l  
prot_ably n e c e s s i t a t e  a build-up of carbon oxides,  t e s t s  were made wi th  gas  
mixtures  where the  n i t rogen  of t h e  a i r  was replaced by carbon d ioxide .  It 
was f G W d  t h a t  t h e  presence of carbon d ioxide  does no t  i n h i b i t  t he  formation 
c f  fcrmaldehyde- 
1.1 Single  Pass Reactor  Using  NO C a t a l y s t .  
I n v e s t i g a t i o n  cf the  p a r t i a l  ox ida t ion  of methane by a i r  using a 
The gaseous n i t r i c  cx ide  c a t a l y s t  was continued i n  a s i n g l e  pass r e a c t o r .  
experiments were performed i n  a 23 mm 1 . D "  Vyeor r e a c t i o n  tube conta in ing  a 
4" .Lorig heated r e a c t i o n  zone which was f i l l e d  wi th  approximately 40 cc of 
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var ious  s o l i d  ma te r i a l s .  N i t r i c  oxide was premixed wi th  t h e  cold a i r  s t ream 
i n  amcunts necessary  t o  produce 0.2% NO i n  t h e  r e a c t i o n  mixture .  
was then  mixed with t h i s  NO containing a i r  t o  g ive  a mixture of 3C$ CH4, 
7% a i r ,  and 0.2% NO before  en ter ing  the  r e a c t i o n  tube .  
Methane 
Numerous experiments ind ica ted  t h a t  a more con t ro l l ed  ope ra t ion  was 
achieved wi th  a d i l u e n t  i n  the  r eac t ion  gas .  B e t t e r  temperature cont ro l ,  
lower conversion t o  carbon oxides,  and much l e s s  chance of  i g n i t i o n  or ex- 
p los ion  have been experienced with air-methane mixtures  a s  compared wi th  
oxygen-methane mixtures Since a r ecyc l ing  system w i l l  probably cause a 
bui ld-up of carbon oxides  i n  the  r e c i r c u l a t i n g  gas, t e s t s  were made t o  de- 
termine t o  what e x t e n t  t h e  y i e l d  of formaldehyde would be inf luenced  i f  
n i t r o g e n  were replaced by carbon dioxide.  Therefore,  s i n g l e  pass expe r i -  
ments were performed using a feed  gas c o n s i s t i n g  of a mixture conta in ing  
3% CH4, 14.7% 02, 55.3% C02, and 0.2% NO. 
c e n t r a t i o n s  of oxygen and methane a s  t h a t  o f  3% CH4 i n  a i r ,  except t h e  
n i t r o g e n  i s  rep laced  by carbon dioxide.  Experiments using potassium t e t r a -  
bo ra t e  beds have ind ica ted  t h a t  replacement of  n i t r o g e n  with carbon d ioxide  
d id  no t  change the  formaldehyde y i e ld .  A s  an example, a run obta ined  wi th  
methane-oxygen-carbon dioxide mixture a t  610"~ and space v e l o c i t y  of 5250 h r  
produced a 2.2% y i e l d  of  formaldehyde, while  an1 air-30$ me%hane feed  under 
the  same condi t ions  gave a 2 . 1  % yie ld .  From these  t e s t s  it appears t h a t  the  
presence of CG2 i n  t h e  system does not  i n h i b i t  t h e  formation of formaldehyde. 
This  mixture  has t h e  same con- 
-1 
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To determine whether t h e r e  i s  any Loss o f  NO during the  p a r t i a l  ox i -  
da t ion  of methane, t o t a l  n i t rogen  oxides  (NO + NO ) were measured i n  the  
in t ake  and i n  the  product of  an operating, s i n g l e  pass system using a i r -  
methane f eed .  
D16G7-60 which i s  based on Gr ie s s - I lo svay  r e a c t i o n  and i n d i c a t e s  t h e  sum 
of  NO and NO present  i n  t h e  system. 
oxides,  NOxj conta in ing  gas i s  taken and the  NO i s  converted t o  NO 
oxygen i n  the  presence of an absorbing s o l u t i o n  of s u l f a n i l i c  ac id  and a 
Y(1-naphthyi) ethylenediamine dihydrochlor ide dye i n  14% a c e t i c  a c i d .  The 
i n t e n s i t y  of color due t o  t h e  presence o f  NO2 i s  measured by a co lor imeter  
a t  553 my and the  NO 
2 
The a n a l y s i s  f o r  NOx was made by a modified ASTM procedure 
A known volume of t he  n i t rogen  2 
by 2 
concentrat ion read from a c a l i b r a t i o n  curve,  
X 
Analysis  of a feed  gas mixture t o  which 0.2% NO was added dynamically 
showed the  presence of  0.21% NO 
t e t r a b o r a t e  bed a t  705":; t he  product contained CH20, H20, CO, and CO 
s i d e s  unreacted CH and a i r .  
i n d i c a t i n g  t h a t  t h e r e  was no measurable l o s s  o f  NOx during t h e  methane 
ox ida t ion  i n  a s i n g l e  pass r eac to r .  
This f eed  was passed through a potassium 
X 
be- 2 
This  product was found t o  con ta in  0.21% NO 
4 X 
1.2 - R e s l e  System Vsing NO Z a t a l y s t  
A r ecyc l ing  system capable of r e c i r c u l a t i n g g a s  a t  a v e l o c i t y  o f  
up tc 9 l./'min has been assembled and t e s t e d .  The r e a c t o r  of  t he  r ecyc l ing  
system i s  the  same Vycor g l a s s  23 mm 1 , D .  tube conta in ing  a 4" long heated 
zone f i l l e d  wi th  approximately 40 cc of po rce l a in  Ber l  saddles  coated with 
potassium t e t r a b o r a t e .  
diaphragm pump. 
The e n t i r e  gas  mixture i s  r e c i r c u l a t e d  by a Neptune 
From the  r eac to r ,  t h e  product gas  passed through one or two 
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condensers lmmersed i n  dry-fee-acetone cooifng bath where t h e  formaldehyde 
and wa+,er a r e  condensed a s  s o l i d s .  Then the  gas, f r e e d  from CH 0 and H20, 
goes t o  t h e  pump and i s  recyc led  t o  t h e  in t ake  of the r e a c t o r .  Fresh  gas, 
c o n s i s t i n g  cf C!l4, a i r ,  and YO i s  added t o  the  system a t  t h e  in t ake  end of 
t he  r e a c t o r .  A po r t ion  of the  recyc l ing  gas i s  vented p r imar i ly  t o  remove 
n i t rcgen ,  a t  a r a t e  which 1 s  somewhat lower than  the  feed  r a t e  b u t  s u f f i c i e n t  
t o  ma’qtain a s t a b l e  i n t e r n a l  pressure .  
2 
G u n s  were made wi th  potassium t e t r a b o r a t e  beds (40 cc  v o l , )  maintained 
a t  550” - 678”F7. 
f r e s h  f eed  was added t o  the  system a t  a r a t e  o f  180 ccl’min; thus,  t h e  r e -  
cycaLe r a t i o  was approximately 28. S u f f i c i e n t  gas was vented (approximately 
160 - 170 zcl’min: t G  maintain t h e  r ecyc l ing  system a t  2 .5  - 3 inches water 
pressure  above atmospheric.  N i t r i c  oxide was added t o  t h e  f eed  gas a t  a r a t e  
s u f f i c i e n t  t o  maintain i t s  concentrat ion i n  the  feed  gas a t  1?,2%. 
The gas was r e c i r c u l a t e d  a t  a r a t e  o f  5000 cc/min, and a 
When the  feed  gas composition was 30% CH and 7 q 0  a i r ,  formaldehyde 4 
y i e i d s  reaching  up t o  17.7% of the methane i n  f eedwereob ta ined  during the  
f i y s t  hcur o f  ope ra t ion .  Hcwever, t h e  y i e l d s  decreased cont inuously i n  s u b -  
sequent  hcu r ly  checks dur ing  a continuous 5 hour Long ope ra t ion .  Gas a n a l y s i s  
i nd lca t ed  t h a t  the ccmposition of t h e  r e c i r c u l a t i n g  gas  changes wi th  time 
and t h e  oxygen concent ra t ion  drops sha rp ly  from 15 - 17% a t  t he  s t a r t  t o  
5 - 6% a f t e r  the  f i r s t  hour ,  
- Lc impr:;ve the  formaldehyde yield,  t he  methane t o  a i r  r a t i o  i n  the  feed  
gas was va r i ed  Iswering the  CH 
the  a l r  acccrdi&y.  
concentrat ion i n  feed  t o  16.6% and inc reas ing  4 
A t  6 5 0 ” ~ ,  the formaldehyde y i e l d  dur ing  the  f i r s t  hour 
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remained 16 - 17% of methane input ;  however, a f t e r  one hour the  y i e l d  de- 
c reases  t o  an average of approximately l3%, which corresponds t o  approxi-  
mately 0.47% per pass .  
A reduct ion  of the  r ecyc l ing  gas v e l o c i t y  t o  3OOO cc/min. which, 
correspondingly,  changed t h e  recycle  r a t i o  t o  .L7, gave a 17% y i e l d  o f  
formaldehyde dur ing  the  f i r s t  hour but  l a t e r  decreased t o  an average of 
ll%, i * e . ,  0.65% per pass .  The concentrat ion of oxygen dropped, b u t  it 
could be maintained even tua l ly  a t  7 - 9% f o r  s e v e r a l  hours .  
Ca lcu la t ions  i n d i c a t e  t h a t  a t  high r ecyc le  r a t i o s  t h e  oxygen con- 
c e n t r a t i o n  cannot be maintained a t  d e s i r a b l e  Levels (approaching 15%) wi th  
air-methane mixtures  a lone.  Experiments a r e  underway i n  which a d d i t i o n a l  
oxygen i s  being added t o  the  feed  gas t o  maintain t h e  oxygen concen t r a t ions  
i n  the  recyc led  gas stream a t  t h e  des i r ed  Level. 
2 .  Oxidation of Methane Using Ozonized Oxygen 
Oxidation of methane t o  formaldehyde using ozone i s  a t t r a c t i v e  
because excess  ozone i s  decomposed i n  t h e  heated r e a c t i o n  bed. 
gas  con ta ins  only  unreacted CH 4, 02, o r  a i r  and products of methane oxida t ion ,  
namely, CH29' H20, CC, and C02. 
by comparison t o  systems u t i l i z i n g  a NO c a t a l y s t  which does not  decompose and 
which may have t o  be removed i n  a s epa ra t e  process .  
t e s t s  were conducted t o  achieve the formaldehyde y i e l d s  claimed by Gut te -  
hoffnungshut te  i n  German pa ten t s .  However, the  y i e l d s  obtained wi th  barium 
peroxide were meager, reaching up t o  0.3% of  the  methane inpu t .  
b e t t e r  r e s u l t s  were obtained wi th  p r o p r i e t a r y  r e a c t o r  beds where t h e  form- 
The product 
S e p e r a t i m  of t h e  product i s  s i m p l i f i e d  
Therefore,  a d d i t i o n a l  
Somewhat 
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aldehyde y i e l d  reached 0.9% of methane input ;  t h i s  y i e l d  i s  approximately 
comparable t o  those  repor ted  previously wi th  potassium t e t r a b o r a t e  beds. 
The f e a s i b i . l i t y  of prodilcing Ozone by passing oxygen-methane o r  a i r -  
methane mixtures  through an ozonator was i n v e s t i g a t e d .  Unfortunately,  t h e  
presence of methane i n  concent ra t ions  above 5% reduces t h e  ozone product ion 
very  sharp ly ;  however, when 4% methane i n  
concent ra t ion  of ozone i n  t h e  product was e s s e n t i a l l y  the  same as  i n  oxygen 
alone, t h a t  is, about 1.2% by volume of t o t a l  gas .  I n t e r e s t i n g l y ,  small  
amounts of formaldehyde accounting f o r  0.04 - 0.08% of methane were formed 
when oxygen-methane mixtures  were passed through an ozonator .  
oxygen mixtures  were used, t h e  
2 .1  S ingle  Pass  Reactor  U s i n g  Ozpnized Oxygen 
Renewed e f f o r t s  were made t o  achieve good formaldehyde y i e l d s  
claimed by Guttehoffnungshutte i n  German pa ten t s  using a barium peroxide 
r e a c t o r  bed. Extensive previous inves t iga t ions ,  using Ba02 made i n  the  
U.S.A., gave meager formaldehyde y i e lds .  A barium peroxide sample was ob- 
t a i n e d  from Remy and Company, Hamburg, Germany and a r e a c t o r  bed was pre- 
pared from t h i s  m a t e r i a l  t o  compare i t s  a c t i v i t y  t o  BaO made i n  U.S.A. 2 
F i r s t ,  f i n e l y  ground BaO p u ~ d e r  has  d e p o s i t e d  oil rrioisteiled proceiai i l  2 
B e r l  saddles .  
and space v e l o c i t i e s  of 3600 h r - l  using oxygen-methane mixtures  conta in ing  
0.4 volume $, 0 The h ighes t  formaldehyde y i e l d  obtained was 0.2% of t h e  
methane inpu t .  
This  m a t e r i a l  was t e s t e d  a t  temperatures  ranging up t o  430°C 
3' 
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Next, m a t e r i a l s  were prepared by blending 98.5 w t  % BaO 1 w t  % Na202, 27 
and 0 .5  w t  % Ag20 and depos i t i ng  on s i l i c a  wool; .  t h i s  was t e s t e d  wi th  oxygen- 
meithane mixtures  conta in ing  up t o  0.55% 0 
i n  t h e  temperature range of 40" - 439°C. 
No formaldehyde was obtained 
3' 
Technical  barium oxide from U. S .  sources was depos i ted  on po rce l a in  
E e r l  saddles  and t e s t e d  i n  the  temperature range 158" - 540°C. With oxygen- 
methane mixtures conta in ing  0.47% 0 
0.15% based on methane. 
gave formaldehyde y i e l d s  up t o  0.23% of methane a t  540°C. 
the  formaldehyde y i e l d  was 0.13 - 
3' 
3 Air-methane mixtures con ta in ing  30% CH and 0.28% 0 4 
A p r o p r i e t a r y  m a t e r i a l  reported previously,  was t e s t e d  with a mixture 
A t  eonta in ing  29% CH4, 17% 02> 63% N 2 J  and ozone concen t r a t ions  of  0.35%. 
a space v e l o c i t y  of 12,000 h r  
dehyde y i e l d  of 0.9% based on methane inpu t  was achieved i n  a s i n g l e  pass 
r e a c t o r ;  however, t he  CO concentrat ion i n  the  product was high, equ iva len t  
t o  a y i e l d  of 2.5% of t h e  methane f eed .  
-1 and r e a c t i o n  temperature  o f  705"C, a formal- 
I n  s p i t e  of  numerous at tempts  and v a r i a t i o n s  i n  the  experimental  
cond i t ions  and i n  the  prepara t ion  of t he  r e a c t o r  bed ma te r i a l ,  high f o r -  
maldehyde y i e l d s  using barium peroxide claimed by Pn-rnon n ~ + o n + n  nr\i, l i l  nr\+ 
U L L L L I U I I  y u u L I ' u u  b"ULU LI"" 
be repea ted .  I n  f a c t ,  t h e  p ropr i e t a ry  m a t e r i a l  gave formaldehyde y i e l d s  o f  
0.9 - 1.1% based on methane, which a r e  3 - 4 t imes h igher  than  y i e l d s  obtained 
wi th  BaO under s i m i l a r  condi t ions and t h e  same 0 concent ra t ions  i n  the  gas 
i n t a k e .  
2 3 
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2.2 F e a s i b i l i t y  of Production of Ozone i n  Methane-Oxygen Mixtures 
To avoid excess ive  bd.eed-off and s t i l l  maintain an adequate ozone 
concentrat ion,  a r ecyc le  system with ozonized oxygen o r  a i r  w i l l  probably 
n e c e s s i t a t e  passing a l l  o r  a t  l e a s t  a l a r g e  p a r t  o f  t h e  methane-oxygen 
mixture through an ozonator .  
ozone d i r e c t l y  i n  methane-oxygen mixtures, gas streams of va r ious  composi- 
t i o n s  were passed through a small ,  a i r  cooled ozonator and t h e  percent  of 
0 produced determined by iodometric t i t r a t i o n .  
To determine the  f e a s i b i l i t y  of producing 
3 
The ozonator used i n  these  t e s t s  c o n s i t s  of two concent r ic  g l a s s  tubes  
( t h e  ou t s ide  tube i s  L-3/8" O.D.,  t he  ins ide ,  13/16'' O . D . ) ;  t h e  o u t e r  
su r f ace  of the  ou t s ide  tube i s  surrounded by a 5-3/8" long s t r i p  of  alum- 
inum f o i l  and the  e n t i r e  i nne r  sur face  of  t he  smaller  tube i s  aluminized 
wi th  f i n e l y  d iv ided  aluminum p a r t i c l e s  depos i ted  on t h e  su r face .  
aluminized sur faces  were connected t o  the  output  of  a 15,000 V t ransformer  
whose vol tage  i s  regula ted  by varying the  vol tage  of t h e  primary. 
produced by passing oxygen o r  a i r  between the  two g l a s s  tubes .  
t h e r e  i s  no ozone produced u n t i l  the  vol tage  of  t he  primary reaches approxi- 
n a t e l y  80 - 85 v, ccrresponding t o  t h e  vol tage  appl ied t o  t h e  ozonator of  
approximately 11,000 v o l t s .  It was found t h a t  t he  uncooled ozonator genera tes  
encagh hea t  t o  inc rease  i t s  temperature q u i t e  rapidly,  r e s u l t i n g  i n  a rc ing  
and stoppage of 0 product ion.  However, by cool ing  t h e  c e n t e r  core  of t h e  
ozonator  wi th  an a i r  stream p rech i l l ed  i n  a dry- ice-acetone ba th  t h e  temp- 
e r a t u r e  of t he  ozonator can be maintained i n  the  -10°C t o  10°C reg ion  q u i t e  
e a s i l y ;  a s t a b l e  e l e c t r i c a l  cu r ren t  and cons tan t  0 
r e a d i l y  obta ined .  
The 
Ozone i s  
Generally,  
3 
production i s  then  3 
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Gases were passed through t h e  ozonator kep t  a t  an average temperature 
of 0°C wi th  the  primary kept  a t  90 V ( r e s u l t i n g  i n  approximately 12,000 V 
appl ied  t o  the  ozonator ) .  The percent  of  0 produced under var ious  f.low 
condi t ions  and w i t h  d i f f e r e n t  gases  were a s  fol lows:  
3 
Gas -
Oxy.gen 
Oxygen 
A i r  
A i r  
9vo O2 + 2% CH4 
96% O2 + 4% CH4 
8qo  A i r  - 2q0 CH4 
4 q o  O2 - 60% CH4 
Flow, ml/min 
500 
1000 
500 
LOO0 
500 
500 
500 
500 
c3 
.1 .2 
0.6 - 0.7 
0.75 
0.33 
1.14 
1.16 
0 .  10 
0.01 - 0.06 
These r e s u l t s  i n d i c a t e  t h a t  the presence o f  methane decreases  the  ozone 
product ion very  sharp ly ;  however, mixtures conta in ing  up t o  4% CH4 i n  oxygen 
produce s u f f i c i e n t  amounts o f  ozone t o  be r e c i r c u l a t e d  i n  a recyc.le system. 
Small  amounts o f  formaldehyde, reaching yie . lds  of 0.04 - 0.08% based 
on methane input ,  were produced i n  the  ozonator wi th  the 40% O2 - 6% CH4 
mixtures .  I n  one tes t ,  the  product was analyzed for carbon oxides;  t h e r e  
were no detectab. le  amounts of C 0 2  but  t h e  CO concent ra t ion  was approximately 
0.2% of  t h e  product gas .  
A mixture of 95% O2 - 5% CH4 m s  passed through the ozonator a t  a r a t e  of 
500 ccjmin. 
t a i n i n g  40 cc of porce la in  Ber l  saddles  coated w i t h  potassium t e t r a b o r a t e  
The product gas was then passed d i r e c t l y  through a r e a c t o r  con- 
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8 
1 
1 
I 
1 
1 
1 
8 
t 
I 
I 
I 
I 
1 
8 
8 
8 
8 
I 
maintained a t  659°C. The forma.ldehyde y i e l d  obtained was 0.876 of  t h e  methane. 
Therefore,  it appears poss ib le  t h a t  oxygen-methane mixtures conta in ing  a low 
percent  of CH4 can be recycled d i r e c t l y  through an ozonator and r e a c t o r .  
F u t  ur e Act i v  i t i e s 
The r ecyc l ing  system wi th  the NO gaseous c a t a l y s t  w i l . 1  be t e s t e d  
f u r t h e r  w i th  v a r i a t i o n s  i n  the  flow, r ecyc l ing  r a t i o ,  feed  composition, 
b.leed-off r a t e ,  and r e a c t i o n  temperature t o  c b t a i n  the  optimum condi t ions  
f o r  the  production of formaldehyde without  excess ive  formation of  carbon 
monoxide and carbon d ioxide .  Also, a c losed  r ecyc l ing  system ope ra t ing  wi th  
a r e c i r c u l a t i n g  gas of cons tan t  composition (approximately 30% CH 
remainder N 
15% 02, 4’ 
CO, CO ) which i s  maintained by adding s u i t a b l e  amounts of  29 2 
oxygen and methane w i l l  be inves t iga t ed .  
A r ecyc l ing  system wi th  ozone w i l l  be i n v e s t i g a t e d .  One v a r i a t i o n  
of system opera t ion  w i l l  be t o  add ozonized oxygen and maintain a s u i t a b l e  
b leed-of f ;  t h e  o ther ,  t o  r e c i r c u l a t e  t h e  e n t i r e  gas mixture through the  
ozonator .  A s  has been shown, t h i s  method of  r ecyc l ing  i s  f e a s i b l e  wi th  gas  
mixtures  conta in ing  low methane concent ra t ions .  This  would r e s u l t  i n  sma l l  
t o t a l  amounts of formaldehyde produced; however, it has an advantage i n  t h a t  
it r e q u i r e s  no bleed-off  and can poss ib ly  be operated as  a completely c losed  
sys  tem. 
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